Objective: To assess nutritional status using red-cell folate (RCF) and associated health behaviours including fruit and vegetable intake, smoking, drinking and physical activity in two Indigenous populations living in remote northern Australia. Design: A cross-sectional survey conducted during 1998-2000. Setting: Twenty-six rural communities in north Queensland, Australia. Subjects: A total of 2524 Indigenous people aged 15 years and over was included in the study. Self-reported fruit and vegetable intake, tobacco smoking, alcohol intake and physical activity were recorded. RCF was measured using the Bayer Advia Centaur automated immunoassay system. The association between low RCF (RCF,295 nmol/l) and risk factors was analysed using general linear models adjusted for demographic factors and covariates, namely BMI, diabetes and dyslipidaemia. Results: The prevalence of RCF deficiency was higher in Aboriginal participants compared with Torres Strait Islanders (25?6 % v. 14?8 %, P , 0?001). Young women of childbearing age were more likely to have low RCF. Among Aboriginal adults, smoking was strongly associated with low RCF (risk ratio 5 1?9, 95 % CI 1?5, 2?5 in females and risk ratio 5 2?9, 95 % CI 1?9, 4?2 in males). Conclusions: Indigenous Australians, especially women of childbearing age, had high prevalence of low RCF. Smoking was associated with insufficient folate independent of fruit and vegetable intake and alcohol consumption in the Aboriginal population. This population with an already higher risk of obesity and higher rate of tobacco smoking should be targeted to improve nutrition status to prevent ill health such as diabetes and CVD.
Folate is an essential micronutrient found in a range of foods but is highest in green leafy vegetables, citrus fruits, nuts, lentils and liver. A nutritious diet rich in the B vitamins and vitamin C is generally rich in folate (1) , so folate can be an indicator of the general nutritional quality of the diet. The significance of folate deficiency in an array of diseases is the subject of increasing investigation. While the causal role of folate deficiency in the development of neural tube defects has been well described (2) , maternal low folate status is also associated with low birth weight and/or preterm birth (3) . More recently folate deficiency has been identified as an independent risk factor for CVD (4, 5) , as well as breast cancer (6) and colorectal cancer (7, 8) . The role of folate in CVD may not be directly causal, whereas it is hypothesised that the effect on neural tube defects and cancer is through direct disruption of DNA synthesis (9) . A number of risk factors for folate deficiency have been identified. Lifestyle factors such as fruit and vegetable intake, smoking tobacco and drinking alcohol have been associated with red-cell folate (RCF) concentration (9) (10) (11) (12) (13) . Both smoking and high levels of alcohol consumption may lead to folate deficiency through an associated poorer quality diet. There may also be direct toxic effects that lead to folate deficiency in smokers, whereby substances in tobacco block the synthesis of folate and also induce inflammatory responses that potentially disrupt hepatic pyridoxine metabolism (9) . Alcohol may also have a direct effect on folate levels by impairing intestinal folate absorption, impairing hepatic uptake and metabolism of folate and increasing the renal excretion of folate, in addition to oxidative destruction of folate (12) . Given the known clustering of these health behaviours and the potential for direct toxic effects on folate absorption, synthesis, metabolism and excretion, it is likely that there is a complex interplay of these factors on folate levels.
Aboriginal and Torres Strait Islander people (hereafter referred to as 'Indigenous') are socio-economically disadvantaged groups who have a higher prevalence of behaviours such as smoking, high-risk alcohol intake and insufficient consumption of fruit and vegetables compared with other Australians (14) , all of which may contribute to folate deficiency and its concomitant risks. National data have shown that the prevalence of neural tube defects in Indigenous women is double that in nonIndigenous women (9?1 v. 4?4 per 10 000 births) (15) . There have been few studies of folate status that have been conducted in representative populations, and no studies in representative Indigenous populations. Furthermore, given the use of different assays and reference ranges, it is difficult to compare studies directly that have occurred in different countries and populations (16) . Therefore the purpose of the present study was to document the folate status assessed by RCF in a representative population of Indigenous Australians and to evaluate the potential role of health behaviours (smoking, drinking, fruit and vegetable intake, physical activity) in folate deficiency. RCF was measured as this is thought to reflect long-term folate status better than the alternative serum folate (17) .
Methods

Study participants
The Well Persons Health Check, conducted between 1998 and 2000, offered screening and referral services for people in discrete Indigenous communities in northern Queensland (18) . Briefly, all Indigenous residents of the communities aged 13 years and over were invited to participate through printed media, local radio and word of mouth via the local health service, community council and community groups. Based on the local census data, the study achieved a participation rate of 44?5 % with greater participation noted in smaller communities (18) . In total, 2524 Indigenous people aged 15 years and over with RCF measurements were included in the present study. The study was approved by the Cairns Base Hospital Ethics Committee with support from relevant peak Aboriginal and Torres Strait Islander Health Councils.
Measurements
Fruit and vegetable intake was assessed using a methodology derived from that used in the National Nutrition Survey 1995 (19) . The number of servings of fruit and vegetables consumed in the 24 h prior to the survey was recorded, using a pictorial guide to illustrate servings. A serving was defined as one piece of fruit, half a cup of vegetables or one cup of salad. Physical activity was measured using a 7 d recall method in which participants were asked to report daily physical activities of at least 30 min duration and moderate intensity performed during the week before their health check. Alcohol intake was recorded and those who drank alcohol were asked to recall the types and quantities of alcohol consumed in the previous 7 d. Smoking status was recorded and current smokers were asked how many cigarettes they smoked daily. The physical activity, smoking and alcohol intake measures have been used widely in other studies (20) (21) (22) . Physical activity was categorised using the WHO criteria in which 'enough' means doing moderate to vigorous physical activity for more than 30 min/d for 5 d in the week before the survey (23) . Participants were asked to remove footwear and heavy clothing and were weighed to the nearest 0?1 kg. Height was recorded to the nearest centimetre. BMI (kg/m 2 ) was calculated as weight (in kilograms) divided by the square of height (in metres) and categorised by using the WHO definition of overweight and obesity (23) . Recorded blood pressure was the average of three measurements taken over the course of the health check.
Fasting venous blood specimens were collected by trained health staff and the following biochemical measures were assessed: RCF, total cholesterol, HDL cholesterol, TAG and glucose. Blood was collected in a 4 ml vacuum tube containing EDTA and an 8 ml vacuum tube without anticoagulant. The latter was spun for 10 min in a portable centrifuge within 1 h of collection. Blood tubes were sealed, packed in refrigerated containers and transported by air to the laboratory. RCF was measured using the Bayer Advia Centaur automated immunoassay system (Bayer, Australia) by Queensland Health Pathology Service in Brisbane. The reference range for this assay is 295-1800 nmol/l, with low RCF defined as less than 295 nmol/l. Diabetes was defined using the WHO criteria (24) and dyslipidaemia was defined according to the Australian Diabetes Society (25) .
Analysis
All analyses were undertaken using the STATA statistical software package version 10?1 (StataCorp, College Station, TX, USA). Our previous study indicated that Aboriginal adults had a different health and behavioural profile from Torres Strait Islanders (26) , so the analysis was stratified by ethnicity. Descriptive analysis of the basic characteristics of the two populations was conducted. The mean RCF differences by age, BMI categories, dyslipidaemia, diabetes and behavioural factors in men and women were compared using the Student t test or one-way ANOVA. The association between RCF deficiency and fruit and vegetable intake, smoking and drinking was studied using generalised linear models with a binomial distribution and log function, adjusted for age in both populations, and the risk ratio (RR) was reported. Fruit and vegetable intake was categorised into three subgroups by using the daily number of servings (#1 serving/d, 2-3 servings/d, $4 servings/d). A potential dose-response effect of smoking was explored using daily cigarette number analysed in quartiles. The interaction of smoking and alcohol drinking was also explored by creating categories as 'none of the two', 'smoking only', 'drinking only' and 'both smoking and drinking'. The possible mediating effect of smoking on the association of fruit and vegetable intake and low RCF was studied by adding smoking to the model of fruit and vegetable intake adjusted for age and sex and comparing the change in risk ratios. The independent associations of behavioural factors were also adjusted for covariates, namely BMI, diabetes and dyslipidaemia. The level of statistical significance was set as P , 0?05.
Results
Among a total of 2524 participants who had RCF measurements aged over 15 years, 1580 (62?6 %) were Aboriginal people and 1310 (51?9 %) were women. The mean RCF was 398?6 nmol/l (SD 158?2, ranging from 20 to 1306 nmol/l) in Aboriginal adults compared with a mean 440?5 nmol/l (SD 159?7, ranging from 107 to 1609 nmol/l) in Torres Strait Islanders. Table 1 shows some basic population characteristics. Self-reported prevalence of tobacco smoking, drinking alcohol and physical inactivity was higher in Aboriginal adults than Torres Strait Islanders, while Torres Strait Island adults had higher BMI and blood glucose level. The prevalence of low RCF was higher among Aboriginal people (25?6 %, 95 % CI 23?4, 27?7 %) compared with Torres Strait Islanders (14?8 %, 95 % CI 12?6, 17?1 %). Table 2 shows the mean RCF by age group, BMI and lifestyle factors for men and women. Younger women had lower mean RCF than older women. Overweight Aboriginal adults had higher RCF than those with BMI below 25 kg/m 2 . Further analysis indicated that Aboriginal adults with higher BMI had significantly more servings of vegetables and were less likely to smoke than those with a normal BMI. Adults with diabetes seemed to have higher RCF in both groups and this association was confounded by age. Smokers had significantly lower RCF regardless of ethnicity and sex. The mean RCF was higher among Aboriginal women with more than two servings of fruit daily and in Aboriginal men having more than four servings of vegetables daily. Among Torres Strait Islanders, neither fruit intake nor vegetable intake appeared to be associated with RCF. Dyslipidaemia and self-reported physical activity were not associated with RCF in the two populations (data not shown). Table 3 shows the association between fruit and vegetable intake, smoking and drinking and low RCF (,295 nmol/l) after adjustment for age in the Indigenous populations. Female Aboriginal smokers had double the risk of low RCF compared with non-smokers (RR 5 1?9, 95 % CI 1?5, 2?5). Aboriginal men smokers had three times the risk (RR 5 2?9, 95 % CI 1?9, 4?2). There appeared to be no dose effect of numbers of cigarettes on RCF levels. Smoking was associated with low RCF independently of drinking status. Alcohol drinking alone was not associated with low RCF. Further analyses were conducted on the effect of low, moderate or high alcohol intake on RCF Data are presented as mean and standard deviation or as number and percentage for smoker, drinker, PA enough and low RCF. *PA enough according the WHO definition, i.e. doing moderate to vigorous physical activity for more than 30 min/d for 5 d in the week prior to the survey (23) .
and showed no difference with the results presented here (data not shown). The direction of association was in the expected direction across all fruit and vegetable categories, although for many the 95 % confidence interval included the null. Aboriginal men reporting two or more servings of vegetables daily were 40 % less likely to have low RCF regardless of age (RR 5 0?6, 95 % CI 0?4, 0?8), and this effect was attenuated slightly after adjustment for smoking (RR 5 0?8, 95 % CI 0?5, 0?9). The association of low RCF with smoking in Aboriginal women and men and with vegetable intake in Aboriginal men was independent of BMI, diabetes and dyslipidaemia.
Discussion
The present study is the first to assess RCF status in Indigenous populations in north Queensland and to explore the lifestyle factors that are associated with RCF deficiency. There was a high prevalence of folate deficiency in both Aboriginal and Torres Strait Islanders, particularly for Aboriginal women of childbearing age. A low RCF was associated with smoking after adjustment for fruit and vegetable intake in Aboriginal people and possibly Torres Strait Islanders, although small sample sizes limited the precision of the latter estimate. The prevalence of RCF deficiency (20?0 %) was far higher than among Australian non-Indigenous adults aged 25 years and over using comparable baseline data from the Australian Diabetes, Obesity and Lifestyle Study (AusDiab) in 1999-2000, which showed a 2?5 % prevalence of folate deficiency in the Queensland population (internal analysis, data not shown). This tracks with disadvantage across a range of socio-economic indicators including education, employment, income and housing (27) . The food intake data among 8883 adults aged 18-61 years using 24 h recall methods collected from the 1995 Australian National Nutrition Survey showed participants from lowincome households consumed a smaller amount of fruit and vegetables and those that were consumed were lower in folate (28) . There may have been a reduction in the prevalence of folate deficiency since the introduction of mandatory fortification of wheat flour for bread making in September 2009, after the data for the present study were collected (29) . A study evaluating the impact of the Australian voluntary folate fortification policy from 1995 to 2001 found that among 468 adults aged 27-77 years randomly selected in Perth, Western Australia, the serum folate level increased significantly (38 %) after the policy especially among those who consumed at least one fortified food (30) . Evidence from the USA, Canada and other countries with mandatory folic fortification programmes showed a substantial reduction in incidence of birth defects and increases in serum folate and RCF concentrations (31) . A recent report from Canada showed the prevalence of low RCF was 1 % (32) . (33) . There should be an evaluation of the impact of this programme on high-risk populations, especially remote Indigenous populations, where healthy foods, and in particular fresh fruit and vegetables, are limited in quantity, of variable quality and expensive (34) . In addition, sales data from stores in remote Queensland Aboriginal and Torres Strait Islander communities indicate that rice, which is not enriched with folate, is consumed in greater quantities than bread (35) . Furthermore, the focus on RCF in any evaluation of a fortification programme should be tempered by the importance of ensuring access to a nutritious diet including adequate fresh fruit and vegetables, especially given that folate supplementation in randomised controlled trials had no effect on reducing CVD (36) . Among the lifestyle factors assessed in the present study, smoking was the strongest factor that was associated with RCF deficiency among Aboriginal adults. The effect size of the association among women and men in our study varied in the range RR 5 1?9-2?9 which is similar to findings reported in the USA (RR 5 1?7-2?4) (10, 11) , although these studies included different potentially confounding covariates such as age, sex, race, socio-economic status, folate intake, vitamin use and alcohol use. In Australia overall, about half of Indigenous adults are current daily smokers. Results from the 1998-1999 household expenditure survey conducted by the Australian Bureau of Statistics suggested that smoking households were more likely to engage in unhealthy behaviours including spending on alcohol, drinking and gambling than non-smoking households and less likely to spend on health insurance and food (37) . Collecting data about both fruit and vegetable intake and smoking enabled us to study the relationships between smoking and fruit and vegetables on RCF status to better understand the underlying pathways for RCF deficiency. The association between smoking and low RCF was significant only in the Aboriginal population and not in Torres Strait Island people, who have different behavioural and metabolic profiles. One possible reason is that Aboriginal people had a higher prevalence of smoking and lower fruit and vegetable intake than Torres Strait Islanders, which may explain the difference. It is possible that factors other than those measured in our study are associated with low RCF in Torres Strait Islanders, and this deserves further investigation.
The fruit and vegetable intake data may have been measured with some error and may not adequately represent folate intake. Folate content of fruit and vegetables declines over time once harvested. The long food supply chains to these remote locations (38) may mean that the fruit and vegetables available in these settings are not as rich in folate as produce available in mainstream settings.
Conclusions
The present study found a markedly higher prevalence of folate deficiency in a north Queensland Indigenous population than in the general Australian community. In particular, the highest prevalence of RCF deficiency was among younger people, especially women of childbearing age. The cohort was demographically representative of the indigenous population of the local area when compared with local population census data, therefore the result is generalisable to Indigenous populations in remote communities in north Queensland (18) . The impact of mandatory folate fortification programmes in this population should be evaluated, along with further efforts to reduce the rate of tobacco smoking.
